Background: Chloral hydrate (CH), a sedative and metabolite of the environmental contaminant trichloroethylene, is metabolized to trichloroacetic acid, trichloroethanol, and possibly dichloroacetate (DCA). DCA is further metabolized by glutathione transferase zeta 1 (GSTZ1), which is identical to maleylacetoacetate isomerase (MAAI), the penultimate enzyme in tyrosine catabolism. DCA inhibits its own metabolism through depletion/inactivation of GSTZ1/ MAAI with repeated exposure, resulting in lower plasma clearance of the drug and the accumulation of the urinary biomarker maleylacetone (MA), a metabolite of tyrosine. It is unknown if GSTZ1/MAAI may participate in the metabolism of CH or any of its metabolites and, therefore, affect tyrosine catabolism. Stable isotopes were utilized to determine the biotransformation of CH, the kinetics of its major metabolites, and the influence, if any, of GSTZ1/MAAI. Methods: Eight healthy volunteers (ages 21-40 years) received a dose of 1 g of CH (clinical dose) or 1.5 μg/kg (environmental) for five consecutive days. Plasma and urinary samples were analyzed by gas chromatographymass spectrometry. Results: Plasma DCA (1.2-2.4 μg/mL), metabolized from CH, was measured on the fifth day of the 1 g/day CH dosage but was undetectable in plasma at environmentally
Introduction
Chloral hydrate (CH) is one of the oldest medicinal sedatives [1] and is still used in pediatric medicine and dentistry to induce conscious sedation [2] . Standard doses for sedation vary from 50 mg/kg for infants to up to 1 g/day in adults. In addition to its clinical medications, CH remains a drug of abuse and is regulated as a controlled substance.
CH's relevance to environmental science is derived from its formation through water chlorination and from its role as a metabolic intermediate of the Superfund chemical trichloroethylene (TCE) [3] . Human environmental exposure to CH is estimated to be about 1-2 μg/kg/day. CH is rapidly reduced to trichloroethanol (TCOH) in the presence of NADH and is oxidized to trichloroacetic acid (TCA) in the presence of NAD + by alcohol dehydrogenase. TCOH can exist as the intact compound or its glucuronide conjugate (TCOH-Glu) through metabolism by UDPglucuronosyltranferase [4] (Figure 1 ). In contrast to the rapid metabolism of CH, the elimination half-life for TCOH and TCA after a single dose of 1 g can be several hours. Repeated exposure to clinical levels of CH can increase the elimination half-life for TCOH and TCA from hours to several days [6] . Dichloroacetate (DCA) has also been tentatively identified as CH metabolite, formed via several routes, including dechlorination of TCA ( Figure 1) . DCA is also a major by-product of water chlorination, as well as a metabolite of TCE and certain drugs. Human environmental exposure to DCA is approximately 2-4 μg/kg/day (reviewed in [7] ). DCA is dehalogenated to glyoxylate by cytosolic (and, to a lesser degree, mitochondrial) glutathione transferase zeta 1 (GSTZ1), which is identical to maleylacetoacetate isomerase (MAAI), the penultimate enzyme in the phenylalanine/tyrosine catabolic pathway [8] (Figure 2 ). Both subject age and genotype influence the kinetics of DCA. The GSTZ1 protein is a dimer consisting of two 24.2 kDa subunits [9] , and DCA is a mechanism-based inhibitor of the enzyme, resulting in decreased plasma drug clearance with repeated exposure. GSTZ1/MAAI exhibits five major haplotypes: KRT (Z1A), KGT (X1B), EGT (Z1C), EGM (Z1D), and KGM (Z1F) [10] . Individuals possessing at least one EGT allele metabolize DCA more rapidly than do subjects lacking this allele [10] . Consequently, the plasma elimination half-life after 5 days of 25 mg/kg oral DCA in healthy adults can vary from 2 to as long as 100 h, based on GSTZ1 haplotype [10] .
It has been difficult to unequivocally determine whether DCA is a metabolite of CH from studies in humans or animals [11, 12] . As recently reviewed [7] , DCA is not only an environmentally important xenobiotic but also an investigational drug in the treatment of several congenital and acquired diseases, the latter at exposure levels of 10-50 mg/kg/day. In one study of adults who received 1 g CH, the measured DCA plasma levels were so low as to be considered analytical artifacts of the method [6] . However, in a separate study, clinically significant levels of approximately 20 μg/mL of DCA were found in the plasma of children given a single oral dose of 50 mg/kg CH [13] . This amount of CH-derived DCA was sufficient to increase the drug's elimination half-life, as compared with DCA naïve subjects, when 1,2-13 C-DCA pharmacokinetic modeling was used.
Repeated exposure to clinically relevant DCA doses also inhibits tyrosine catabolism and leads to the urinary accumulation of the reactive tyrosine metabolite, maleylacetone (MA) [10] . Urinary MA is nondetectable in healthy adults, regardless of their GSTZ1 haplotype [10] . However, repeated mg/kg doses of DCA result in measurable levels of urinary MA that are highest in those individuals who lack the EGT allele and, thus, possess GSTZ1/MAAI isoforms conferring slowest metabolism of DCA [10] . Nevertheless, urinary MA has been monitored in individuals exposed to clinical doses of DCA from several months to years but does not accumulate over time and elicits no apparent toxicity [14] . This suggests that urinary MA can reach a steady state, reflecting a balance between DCAinduced depletion of the enzyme and new enzyme synthesis [14] . In children who received 25 mg/kg/day for up to 30 months, a strong correlation (r = 0.90) was found between urinary MA and DCA plasma trough concentrations [15] . We undertook the present study to determine whether DCA is a metabolite of CH when administered to healthy adults at clinical and environmental exposure levels and, if so, to determine whether the quantity of DCA generated from CH can, through the inactivation of GSTZ1/MAAI, alter plasma DCA plasma kinetics and the urinary accumulation of MA. We also tested the hypothesis that TCA or some other CH metabolite could inhibit GSTZ1/MAAI, as evidenced by differences in plasma clearance based on GSTZ1/MAAI haplotype.
Materials and methods

Chemicals
Pure CH standard, TCE, TCA, and TCOH were obtained from Sigma Chemical Co (St. Louis, MO, USA), and 10% syrup used for clinical administration was from Pharmaceutical Associates, Inc. (Greenville, SC, USA). . TCA, TCE, and TCOH were analyzed for DCA as an impurity by gas chromatography-mass spectrometry (GC-MS). DCA was found < 0.02%. MA was synthesized in-house according to the procedure described by [10] , and its structure was verified by mass spectrometry and nuclear magnetic resonance analyses. All other chemicals were reagent grade or higher.
Clinical studies
This research was approved by the University of Florida Institutional Review Board and the Scientific Advisory Committee of the Clinical Research Center (CRC). Eight male and nine female healthy adults (aged 21-40 years) were studied in the CRC inpatient ward. Subjects were randomized into two separate groups: Group 1 to measure plasma CH kinetics and Group 2 to measure the effect of CH-derived DCA on DCA kinetics. Subjects in the first group received 13 C-CH on day 1, 12 C-CH from days 2 to 4, and another dose of 13 C-CH on day 5. Each subject was studied sequentially at two different CH exposure levels, first at an environmentally relevant dose of 1.5 μg/kg CH and, subsequently at a clinically relevant dose of 1 g by mouth, with a washout period of at least 30 days. Plasma and urine samples were collected and analyzed by mass spectrometry for both 12 C and 13 C compounds to determine the kinetics of the metabolites of CH, whether 13 C-DCA was present as a metabolite of 13 C-CH, and whether urinary MA accumulates (as a result of inactivation of MAAI). Subjects in Group 2 received 5 days of 12 C-CH at the doses described above but were given an additional 25 mg/kg oral dose of 13 C-DCA on the morning of day 6 to determine the kinetics of 13 C-DCA and to determine whether the DCA formed from CH influenced 13 C-DCA kinetics. Urine for MA was collected daily. There was no dietary control for tyrosine/phenylalanine intake.
GC-MS analysis
All compounds were analyzed by an Agilent 5975C Inert GC-MS after derivatization in plasma and urine to form their methyl esters with 12% boron trifluoride in methanol and subsequent extraction with methylene chloride [16] . Several samples were analyzed by an alternative methylation method using diazomethane with similar results. DCA was not measured as an analytical artifact from either analytical method. Specific ions were used to monitor both 13 C-and 12 C-molecular fragments independently. The limit of quantitation for DCA, TCA, and MA was 0.1 μg/mL, and TCOH was 2.0 μg/mL. Plasma samples from the environmental CH dose were analyzed for DCA and TCA [17] and MA [18] , using gas chromatography negative chemical ionization mass spectrometry. Limits of quantitation for the environmental dosage samples are DCA (50 ng/mL), TCA (250 ng/mL), and MA (50 ng/mL).
DNA isolation, genotyping and haplotype analysis
The coding region of the GSTZ1/MAAI gene contains three functionally important nonsynonymous single-nucleotide polymorphisms (SNPs) that give rise to five major GSTZ1 haplotypes: KRT (Z1A), KGT (Z1B), EGT (Z1C), EGM (Z1D) and KGM (Z1F). EGT is the most frequent haplotype among the major racial and ethnic groups [7] . Two other very rare SNPs in GSTZ1 have also been reported [19, 20] . Kinetics investigations indicate that subjects who harbor at least one EGT allele metabolize DCA more rapidly than non-EGT carriers [19] .
Accordingly, DNA from blood samples was genotyped for three nonsynonymous SNPs: G94 > A (rs7975) Glu → Lys at amino acid position 32 (E32K), G124 > A (rs7972) Gly → Arg at position 42 (G42R), and C245 > T(rs1046428) Thr → Met at position 82 (T82M) in the GSTZ1/ MAAI gene by pyrosequencing [21] . Haplotypes were inferred by computational methods using the Bayesian haplotype reconstruction program, PHASE version 2.1.39 [22] .
Pharmacokinetic analysis
The plasma-concentration time curve for all measurements was fitted to a noncompartmental pharmacokinetic model for each patient using WinNonlin, version 5.01 software (Pharsight, Mountain View, CA, USA) obtained through the academic license program. We calculated the area under the plasma concentration-time curve (AUC) from time 0 to 1440 min (24 h) for 13 C-TCA, using the linear-trapezoidal method. At least three sampling points were used by the modeling software to estimate the first-order elimination rate constant (λz) for each time-concentration curve.
Statistical analyses
The mean, standard deviation, and statistical significance of the data were determined using Excel software (Microsoft, Redmond, WA, USA). A two-sided Student's t-test was used to analyze kinetic and metabolic data between groups; and in all cases, a p value of ≤ 0.05 was considered statistically significant.
Results
CH is rapidly metabolized into TCA and TCOH, and no effort was made to measure CH directly in plasma. Repeated doses of CH lead to accumulation of TCA and TCOH in plasma [6] . 13 C-TCA (detection limit 250 ng/mL) and 13 C-DCA (detection limit 50 ng/mL) were undetected in plasma taken from subjects receiving the environmentally relevant dose of 1.5 μg/kg 13 C-CH. Similarly, MA was not detected (detection limit 50 ng/mL) in the urinary samples of the same subjects. 13 C-TCA plasma clearance, half-life, Cmax, and AUC changed significantly from day 1 to day 5 of 1 g/day CH administration. The average half-life of 13 C-TCA after five doses of CH was approximately 100 h, in agreement with previous studies [6] . Repeated dosing of CH over 5 days approximately doubled the TCA half-life. However, in contrast to kinetic studies of DCA, no statistical difference was found in the clearance of 13 C-TCA and 13 C-TCOH between "fast" (EGT carriers) and "slow" (EGT noncarriers) metabolizers of DCA after five consecutive days of a 1 g dose of CH per day (Table 1) . Therefore, it is doubtful that GSTZ1/MAAI influences the elimination of either TCA or TCOH. 13 C-and 12 C-DCA were not found in the plasma after the first CH dose, but 12 C-DCA and trace levels of 13 C-DCA were found in samples obtained on the fifth day of CH exposure, suggesting that trace accumulation of DCA occurred from repeated doses of CH (Table 2) . Plasma 12 C-DCA concentrations were markedly less (0.9-2.1 μg/mL) than the levels of 12 C-TCA (151-234 μg/mL). Moreover, plasma accumulation of DCA did not correlate with GSTZ1/MAAI haplotype, and there was no significant difference in plasma DCA concentrations between fast and slow metabolizers of the compound. This is not surprising because reduced DCA plasma clearance and urinary MA accumulation in individuals who are EGT noncarriers become most pronounced only after repeated clinical (mg/kg/day) DCA dosages [14] . It is possible that the amount of DCA formed from CH is insufficient to show differences in the accumulation of MA between EGT carriers and noncarriers. In subjects who received 1 g of 12 C-CH for 5 consecutive days, followed by 13 C-DCA on day 6, 12 C-DCA was found in the plasma (1.2-2.4 μg/mL) of all subjects after 6 days (Table 3) . However, this amount of DCA was insufficient to alter the kinetics of the 25 mg/kg of 13 C-DCA administered on day 6, in contrast to an earlier study of CH kinetics conducted in children [13] . Furthermore, no significant difference was found in DCA plasma half-life, Cmax, AUC, or clearance between EGT carriers and noncarriers. Very low levels of plasma 12 C-DCA (mean ± SD, 1.6 ± 0.4 μg/mL) were measured in comparison with the levels of 12 C-TCA (280 ± 58 μg/mL) found in the same samples. , elimination half-life; AUC, area under curve; Cmax, maximum concentration.
Urinary MA was undetectable ( < 0.1 μg/g creatinine) in the CH naïve individuals but was present after 5 days of CH (range 0.2-0.7 μg/g creatinine) in all of the subjects. The non-EGT carrier group did not have higher urinary MA values than the EGT carrier group. However, accumulation of urinary MA in non-EGT carriers were found only after chronic DCA treatment at clinically relevant doses.
Discussion
In an earlier study of one child with a primary mitochondrial disease, but with normal hepatic and renal function, in whom CH was used to induce conscious sedation, DCA was reported to exist at much higher plasma concentrations (approximately 20 μg/mL) after a single dose of 50 mg/kg CH [13] . On a weight basis, a 50 mg/kg dose represents approximately five times the single daily dose used in this study of adults (mean 15.1 ± 4 mg/kg). In addition, much less TCA (approximately 10 μg/mL) was found in the plasma samples of that child than was found in this study or by others [6] investigating the biotransformation of CH. It is unknown if age or dosage plays a major causative role in these differences. Moreover, no urinary samples were collected from the child mentioned above, and the relationships among DCA, MA, and GSTZ1/MAAI were unknown at the time of that report.
DCA and MA were not found in the plasma or urine of subjects who received environmentally relevant doses (1.5 μg/kg/day) of either 13 C or 12 C-CH, despite using a more sensitive analytical method [17, 18] than applied to clinical samples [16] . Thus, it is unknown what impact, if any, DCA formation from environmental levels of CH may have on the environmental risk-assessment of these compounds.
On a molar basis, DCA constitutes a relatively small fraction of clinically relevant CH doses and represents < 1% of the peak plasma concentrations of TCA and TCOH. In addition, there is no evidence that CH, TCA, or TCOH influences GSTZ1/MAAI activity. No statistical differences were found in the clearance of these compounds between the fastest and slowest metabolizers of DCA. This suggests that the DCA, derived from the biotransformation of a clinically relevant dose of CH administered to adults, is responsible for the inhibition of the enzyme, resulting in accumulation of urinary MA.
DCA clearance and urinary MA levels are dependent on chronological age, with younger rats or humans metabolizing the drug most rapidly and accumulating less urinary MA than older individuals [23] . The rate of DCA biotransformation varies widely across species, with an approximate order of rat (t 1/2 ∼3 h) > human (t 1/2 ∼5 h) > dog (t 1/2 ∼9 h) after 5 days of clinical relevant doses [11, 24] . Pharmacokinetic modeling of plasma samples from 25 mg/kg doses of [10] . (c) Typical plasma time-concentration curve of subject (EGT/EGT) after five consecutive daily doses of 12.5 mg/ kg DCA, demonstrating delay in plasma clearance after repeated dosing. Adapted from [10] . difference between individuals possessing the EGT and non-EGT alleles. In addition, the kinetics parameters at this dose closely resemble those of DCA naïve subjects found in a previous study [10] (Figure 3 ). This suggests that the amount of DCA by CH metabolism did not inhibit GSTZ1 activity to a degree sufficient to affect DCA kinetics. In contrast, MAAI activity in this bifunctional enzyme appeared to be inactivated, as evidenced by accumulation of MA during CH exposure. Nevertheless, urinary MA concentrations found in this study are quite small in comparison with the levels found in MAAI-knockout mice [25] , in patients with hereditary tyrosinemia type I [16] , or in subjects chronically treated with DCA.
Conclusions
We conclude that DCA is a minor metabolite of CH in humans. DCA cannot be detected in adults receiving repeated environmentally relevant doses of CH. Furthermore, the amount of DCA metabolized from milligrams per kilogram doses of CH is insufficient to affect its own kinetics. However, at these same doses, sufficient DCA is formed from CH to perturb tyrosine catabolism and increase MA formation. Plasma DCA and urinary MA are undetectable after a single CH dose of 1 g. Therefore, the toxicological risk, if any, applies only to chronic CH exposure at clinically relevant doses.
